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Abstract: A core–shell hybrid nanostructure, possessing a hard backbone of multiwalled carbon nanotubes
(MWNTs) and a soft shell of brush-like poly(methyl methacrylate), has been successfully prepared via a reversible
addition–fragmentation chain transfer (RAFT) process using a RAFT agent immobilized on MWNTs. Polymer-
modified MWNTs are easily dispersed in good solvents for the grafted polymer, such as toluene, tetrahydrofuran
and CHCl3. This observation has been confirmed by transmission electron microscopy analysis. The content of
polymer in the functionalized MWNTs can be well controlled by the feed ratio. It is believed that realizing these
hybrid structures, on the basis of such simple grafting, will pave the way for the design, fabrication, optimization
and eventual application of more functional carbon nanotube-related nanomaterials.
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INTRODUCTION
Carbon nanotubes (CNTs) possessing tubular nanos-
tructures and unique quantum and promising mechan-
ical properties have been widely considered as attrac-
tive candidates for important composition hybrids
for fabricating novel materials with desirable prop-
erties. Extensive research has been focused on sur-
face modification of CNTs mainly to enhance their
chemical compatibility and dissolution properties.1–7
Previously, the covalent grafting of organic or poly-
meric molecules onto CNTs has been accomplished
by the ‘grafting to’ technique using esterification
and amidation reaction.1,2 However, the loss in
conformational entropy of the polymer significantly
suppresses the chain from diffusing to and react-
ing with the carboxylic acid sites of single-walled
carbon nanotubes (SWNTs) or multiwalled carbon
nanotubes (MWNTs), which leads to inefficient graft-
ing.
Non-covalent functionalization methods, such as
polymer wrapping or chemisorption on the surface of
CNTs, are difficult to correlate quantitatively with
properties due to the presence of excess polymer
and the slippage of stacked molecules.3,8–15 Growth
of polymer chains from covalently attached surface
initiators using the ‘grafting from’ strategy is the best
way to produce polymer brushes on any surface.
So far, there has been much work regarding a
novel in situ atom transfer radical polymerization
(ATRP) ‘grafting from’ approach to functionalize
MWNTs.16–19
Recently, reversible addition–fragmentation chain
transfer (RAFT),20,21 a method that seems so far the
most promising of the living radical polymerization
systems, has been researched widely. It involves
a reversible addition–fragmentation cycle, in which
transfer of a dithioester moiety between active and
dormant species maintains the controlled character of
the polymerization. Compared with ATRP, anionic,
cationic and ring-opening metathesis polymerization
methods, RAFT polymerization is applicable to a
wide variety of monomers and it presents an access
to control the polymerization of water-soluble and
functional monomers.22–26 We recently have realized
in situ RAFT polymerization of styrene and N-
isopropylacrylamide monomers on the surfaces of
MWNTs.27,28 Nevertheless, because of the complexity
of CNT-supported reactions, whether or not acrylate-
type monomers can be adopted as the monomer
cannot easily be answered. In this paper, we report
the grafting of poly(methyl methacrylate) (PMMA)
chains from the surfaces of MWNTs via an in situ
RAFT polymerization technique.
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EXPERIMENTAL
Materials
The MWNTs used were purchased from Tsinghua-
Nafine Nano-Power Commercialization Engineering
Centre in Beijing (>95% purity). Bromoisobutyric
acid (98%) was purchased from Acros. Methyl
methacrylate (MMA) and styrene were obtained
from Shanghai Reagents Co. The inhibitor was
removed by passage through an alumina column
and vacuum distillation. 2,2′-Azobis(isobutyronitrile)
(AIBN) was purified by recrystallization from ethanol.
Thionyl chloride (SOCl2), tetrahydrofuran (THF),
methanol, ethanol, chloroform (CHCl3), glycol
(HOCH2CH2OH) and other organic reagents or sol-
vents were obtained from the domestic market.
Synthesis of 2-hydroxylethyl
2′-bromoisobutyrate (HEBrIB)
HEBrIB was synthesized as follows. Ethylene glycol
(62.0 g, 1.0 mol), 16.7 g (0.1 mol) 2-bromoisobutyric,
0.2 g (1.35 × 10−3 mol) p-toluenesulfonic acid and
100 mL benzene were added to a 250 mL one-necked
round-bottom flask equipped with a magnetic stirrer.
The mixture was heated at 96 ◦C while stirring for 36 h,
and the water generated by the esterification reaction
was removed through an oil–water separator. Then
the reaction mixture was poured into 500 mL distilled
water, and the lower, light-yellow, organic phase
was separated. The organic portion was dissolved
in methylene chloride and dried over anhydrous
magnesium sulfate overnight. After filtration from
the magnesium salt and removal of solvent, the
HEBrIB was obtained as a colorless liquid (14 g,
67%). 1H NMR (δ, ppm, CDCl3), 1.9 (s, 6H, 2-
CH3), 3.7 (t, 2H, OCH2CH2OH), 4.30 (t, 2H,
– COOCH2CH2 –). 13C NMR (δ, ppm, CDCl3),
172.24 (C=O), 67.91, 65.59, 61.00 (O–CH2), 54.05
(C–Br), 31.14 (CH3). FTIR (KBr, cm−1, disc): 2970,
2930, 2880 (C–H), 1740 (C=O), 1170 (C–O).
Synthesis of MWNT-Br
The crude MWNTs (1.5 g) were added to 60%
HNO3 aqueous solution (25 mL) under ultrasonic
(40 kHz) treatment for 20 min and stirred for 24 h
at reflux. Then the remaining mixture was vacuum-
filtered through a 0.22 µm Millipore polycarbonate
membrane and washed with distilled water until the
pH of the filtrate was 7.0, which generated the terminal
carboxylic acid functionality on MWNTs (MWNT-
COOH). To functionalize MWNT-COOH with
acid chloride, 800 mg of the carboxyl-functionalized
MWNTs were dried under vacuum and then
suspended in 15 mL benzene in an ultrasonic bath.
The dispersion was immediately added to 60 mL
thionyl chloride (SOCl2) and the mixture was heated at
70 ◦C for 24 h to convert the carboxylic acid group into
chloride (MWNT-COCl). Then the dried MWNT-
COCl (720 mg) was mixed with HEBrIB. The mixture
was stirred at 120 ◦C for 30 h. The solid was separated
over a 0.22 µm Millipore polytetrafluoroethylene
(PTFE) membrane with ethanol and diethyl ether, and
vacuum-dried for 10 h to yield 650 mg of MWNT-Br.
Synthesis of MWNT-SC(S)Ph
PhC(S)SMgBr was prepared according to the method
described elsewhere.29 MWNT-Br (600 mg) and
excess PhC(S)SMgBr were placed in a 250 mL dried
flask and the reaction temperature was kept at 70 ◦C
for 48 h. At the end of the reaction, iced hydrochloric
acid (1.0 mol L−1) was added to the flask. The product
was washed with distilled water several times, and then
washed with ether several times. The RAFT agent-
functionalized MWNTs [MWNT-SC(S)Ph] obtained
weres dried under vacuum at room temperature.
TGA measurements showed about 0.43 mmol RAFT
agent functions per gram of neat MWNTs, or about
5.1 RAFT agent functions per 1000 carbon atoms
calculated from the weight loss below 500 ◦C for
MWNT-SC(S)Ph.
Synthesis of MWNT-PMMA
Typically, 20 mg of MWNT-SC(S)Ph, 0.1 mg of
AIBN, and 40 mg of MMA in 1 mL THF were added
to a polymerization tube. The tube was degassed by
three freeze–thaw–evacuate cycles and then flame-
sealed under vacuum. Then the tube was immersed
in an oil bath at 90 ◦C, and its contents were stirred
for 20 h. At the end of the reaction, the viscosity had
increased dramatically. The mixture was diluted with
CHCl3 and vacuum-filtered with a 0.22 µm PTFE
membrane. Again, the filtered mass was dispersed in
CHCl3, then filtered and washed with CHCl3. After
drying overnight under vacuum, MWNT-PMMA
(30 mg) was obtained.
Variation of the MMA:MWNT-SC(S)Ph (wt/wt)
feed ratio (5/1, 10/1) gave rise to two other samples
with different PMMA contents.
Characterization
Fourier transfer infrared (FTIR) spectra were recorded
using a Nicolet Instrument Co. MAGNA-IR 750
instrument using the KBr disc method. NMR
measurements were performed using a Bruker Avance
AV 400 spectrometer at 300 ± 0.05 K with CDCl3
as solvent. Other conditions were as follows: for
1H NMR measurements, pulse width P1π/2, pulse
interval D1 2.0 s, with tetramethylsilane (TMS) as the
standard; for 13C NMR measurements, pulse width
P1π/4, pulse interval D1 2.0 s, TMS as the standard,
and the relaxation time and nuclear Overhauser effect
were also taken into account. X-ray photoelectron
spectroscopy (XPS) analysis was carried out using a
VG ESCALA B MK  system with Mg Kα radiation.
Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) analyses were performed
using a Hitachi-800 microscope at an accelerating
voltage of 200 kV, and a JEOL-2011 high-resolution
microscope, also at 200 kV, respectively. SEM images
were recorded using a JEOL JSM-6700F field emission
microscope using conventional sample preparation
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and imaging techniques. TGA was carried out using
a Shimadzu TGA-50H instrument with a heat rate of
10 ◦C min−1 under nitrogen. DSC was performed
using a Perkin Elmer Pyris Dimond DSC with a
temperature gradient of 10 ◦C min−1.
RESULTS AND DISCUSSION
Synthesis and characterization of MWNT-PMMA
The general synthesis route for growing PMMA poly-
mer chains on MWNTs is described in Scheme 1.
The produced RAFT agent-functionalized MWNT
[MWNT-SC(S)Ph] disperses into organic solvents
such as THF, dimethylformamide (DMF) or chlo-
roform well enough to observe very broad bands in 1H
NMR spectra, but it flocculates as black fiber bundles
suspended in clear solvent in less than a week. The
MWNT-PMMA shows a relatively good solubility in
non-polar or weakly polar solvents such as THF and
CHCl3, and a poor solubility in strong polar solvents
such as DMF and DMSO. The solubility of the sam-
ples gives direct evidence for the conclusion that the
RAFT agent is covalently linked to the MWNTs and
then PMMA is covalently grafted onto the MWNTs
in the MWNT-PMMA samples.
The molecular composition of the resulting prod-
ucts was confirmed using FTIR, NMR and XPS
measurements. Typical FTIR spectra are displayed
in Fig. 1. For FTIR measurements, the amount of
sample added to the KBr disc must be strictly con-
trolled so that it is less than the amount required for
normal FTIR detection because the black MWNTs
would absorb all the infrared rays if the amount
of MWNTs was too great. The FTIR spectrum
of MWNT-SC(S)Ph showed peaks at 2920 cm−1
(C–H stretching), 1730 cm−1 (C=O stretching) and
1060 cm−1 (C=S stretching). After PMMA was grown
on the tube surfaces, the characteristic absorption
peaks for PMMA (the intensifying carbonyl stretching
at ∼1730 cm−1, C–H stretches at ∼2920 cm−1 and
C–O stretches at ∼1150 cm−1) were clearly visible.
Figure 2 shows typical NMR (1H and 13C) spectra
of the nanohybrids in CDCl3. In the 1H NMR



































































































Scheme 1. Surface-initiated RAFT polymerization of MMA from MWNTs.
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Figure 2. (A) 1H NMR and (B) 13C NMR spectra of MWNT-PMMA in
CDCl3.
spectrum of MWNT-PMMA, the characteristic peaks
of PMMA, such as the peak at δ = 3.6 ppm ascribed
to methyl protons of the ester unit and the peak
at δ = 1.0–2.8 ppm ascribed to the hydrogen species
associated with the backbone of the grafted PMMA
chain, were observed (Fig. 2(A)). Considering that any
free polymer can easily be removed by filtration, the
NMR result is indicative of nanotube functionalization
with the polymer. In the 13C NMR spectrum of
MWNT-PMMA, the characteristic carbon signals of
PMMA, such as CH3O–, CCH2 –, CCH2 – and C=O,
appeared at δ = 52.2, 41.4, 30.1 and 176.4 ppm,
respectively (Fig. 2(B)).
XPS was used to characterize the surface of the
polymer brushes. MWNT-SC(S)Ph shows a strong
peak of C1s at a binding energy (BE) of 284.6 eV,
and a weak peak of O1s at 532.3 eV due to the
ester groups on the surface of MWNTs; the small
peak at 163.3 eV corresponds to S2p of the RAFT
functions on MWNTs (Fig. 3(A)). MWNT-PMMA
showed similar curve except the absence of the small
peak of S2p. In the XPS spectra of MWNT-PMMA,
the C1s peak appeared around 285 eV with a broad
shoulder at higher binding energy. Careful peak-fitting













































Figure 3. (A) Wide-angle XPS spectra of (a) MWNT-SC(S)Ph and
(b) MWNT-PMMA; (B) C1s spectrum of MWNT-PMMA from a multiple
peak-fitting procedure.
of the C1s peak resolves three peaks representing
different carbons in PMMA: (1) aliphatic hydrocarbon
(C–C/C–H, at a BE of 284.8 eV), (2) carbon atom
involved in the ester unit (CH3O, at 286.1 eV) and
(3) carbon atom of the carboxylic group (C=O, at
288.9 eV) (Fig. 3(B)).
The polymer chains that had grafted to MWNTs
were selectively eliminated by heating (TGA) at
10 ◦C min−1 under nitrogen. Figure 4 compares the
TGA curves for pristine MWNTs, MWNT-SC(S)Ph,
homo-PMMA and MWNT-PMMA. The pristine
MWNTs are stable until 600 ◦C with negligible
weight loss. MWNT-SC(S)Ph decomposes slowly
with increasing temperature at 280–420 ◦C. For the
samples of polymer-grafted MWNT (Fig. 4(c)–(e)),
three main weight-loss regions are found. The first
weight-loss region below ∼200 ◦C can be assigned
to the decomposition of free carboxyl groups on the
surface of MWNTs. The rapid weight decrease in
the second region (∼200–430 ◦C; onset at ∼300 ◦C)
may readily be attributed to the decomposition of
PMMA polymer. The significant weight reduction in
the third region (∼380–500 ◦C; onset at ∼450 ◦C)
is likely due to the decomposition of MWNTs. The
amount of PMMA attached to MWNTs determined
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by TGA was about 22, 35 and 67% for the three
samples with different feed ratio, respectively. Mn of
the grafted polymer calculated from the TGA data
was about 613, 1170 and 4411 for the three samples
with different feed ratio, respectively.28 This shows the
polymerization process is controllable.
Further information about the nature of the polymer
chains can be obtained from the DSC thermogram
shown in Fig. 5. Tg of MWNT-PMMA is ∼73 ◦C,
while that of the commercial PMMA normally having
a molecular weight of hundreds of thousands of grams
per mole is ∼108 ◦C. The lower Tg suggests that the
molecular weight of the PMMA grafts on MWNTs is
not very high.30
Structure and morphology of MWNT-PMMA
The solution color typically serves as a visual
indicator for the presence of CNTs in the soluble
samples obtained from the functionalization reactions.


























Figure 4. TGA curves of crude MWNTs and samples of
MWNT-PMMA.












Figure 5. DSC trace of MWNT-PMMA.
However, for more direct evidence the PMMA-
functionalized CNTs were analyzed via TEM imaging.
Shown in Fig. 6 are TEM images of the crude and
functionalized MWNTs. The results suggest that
the functionalized nanotubes are well dispersed in
solution. The average internal and external diameters
of crude nanotubes are about 5–10 and 20–30 nm,
respectively. The MWNT wall consists of 10–25
graphite layers. The average length of the MWNTs
is approximately several micrometers. In the images
of crude MWNTs, individual tubes separated from
each other are obviously found, and no extra phase
marked with different degrees of gray can be detected
in the high-resolution image (Fig. 6(a) and (b)).
After oxidation by HNO3 for 24 h, most of the
tubes retain their tubular structure with mean lengths
of the order of micrometers, but some tubes and
certain tube sections were heavily eroded, generating
many defects and holes (Fig. 6(c) and (d)). Thus,
Figure 6. TEM images of (a, b) crude MWNTs, (c, d) oxidized MWNTs and (e, f) MWNT-PMMA.
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Figure 7. SEM images of (a, b) crude MWNTs and (c) MWNT-PMMA.
oxidation occurred not only at the outermost wall
but also on the inner walls, providing more reactive
sites than predicted. For the samples of MWNT-
PMMA (Fig. 6(e) and (f)), a core–shell structure with
MWNTs at the center can be clearly observed for
the nanohybrids. At higher magnification (Fig. 6(f)),
the TEM image shows that the surface of a MWNT
is covered by amorphous materials, different from
the oxidation product of MWNTs (Fig. 6(d)), which
might be attributed to the attached PMMA polymers.
As a comparison, no polymer shell outside nanotubes
was observed in the TEM analysis for the samples of
mixtures of MWNTs and PMMA.
The morphology of the resulting MWNT-PMMA
nanohybrids was observed with SEM (Fig. 7). The
MWNTs were clearly observed lying on the gold layer
in the image with ×50 000 magnification (Fig. 7(b)).
The convex surfaces of crude MWNTs seem to be
smooth with nothing adhering to them. In contrast,
in the SEM images of MWNT-PMMA, the polymer
layers wrapped evenly around the tubes if viewed from
the whole images, and all the nanotubes were wrapped
completely in our samples. Notably, the thickness of
polymer layers grown on different sections of one tube
is not the same because of the randomly scattered
defects on MWNTs.
CONCLUSIONS
We have demonstrated a method for forming MWNT-
PMMA nanocomposites, where PMMA chains were
grown from MWNTs by surface-initiated RAFT
polymerization. The mechanical, electrical and other
related properties are under investigation. The RAFT
method should enable one to graft a wide range
of polymers. We believe that this methodology can
be used in the synthesis of other polymer-coated
carbon nanotubes with increasing complexity and
functionality in the polymeric shells. The realization
of polymerization of monomers on MWNTs by the
convenient RAFT grafting-from strategy would pave
the way for the fabrication and application of more
CNT–polymer composites and nanomaterials.
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